Because they mainly do not involve chemical changes, membrane transporters have been rather a Cinderella subject in the biotechnology of small molecule production. We argue here that this has been a serious oversight: influx transporters contribute significantly to the flux towards product while efflux transporters have arguably an even more important role in ensuring the accumulation of product in fermentors in the much greater extracellular space. Programmes for improving biotechnological processes might therefore give greater consideration to transporters than may have been commonplace. Strategies for identifying important transporters include expression profiling, genome-wide knockout studies, stress-based selection and the use of inhibitors. In addition, modern methods of directed evolution and synthetic biology, especially those effecting changes in energy coupling, offer huge...
Abstract
Because they mainly do not involve chemical changes, membrane transporters have been rather a Cinderella subject in the biotechnology of small molecule production. We argue here that this has been a serious oversight: influx transporters contribute significantly to the flux towards product while efflux transporters have arguably an even more important role in ensuring the accumulation of product in fermentors in the much greater extracellular space. Programmes for improving biotechnological processes might therefore give greater consideration to transporters than may have been commonplace. Strategies for identifying important transporters include expression profiling, genome-wide knockout studies, stressbased selection and the use of inhibitors. In addition, modern methods of directed evolution and synthetic biology, especially those effecting changes in energy coupling, offer huge opportunities for increasing the flux towards extracellular product formation via transporter engineering.
Introduction
In any complex biochemical network, all steps contribute to the control of the flux through a particular pathway or even that catalysed by a specific enzyme Rapoport, 1974, Kacser and Burns, 1973) , but some steps exert a greater degree of control on the fluxes of interest than do others. While all steps do contribute to flux control, strategies for deciding how best to increase such fluxes Westerhoff, 1986a, Kell and Westerhoff, 1986b) are therefore necessarily wise to pay special attention to these particular steps. In many cases of interest to the fermentation, biocatalysis and biotransformation communities, and especially for those systems involving xenobiotics, these steps include the cellular transporters that catalyse the influx of substrates and the efflux of products (and of any other potentially cytotoxic compounds). In other words, these steps are typically significantly rate-controlling. A quantitative measure of the extent of this rate or flux control is encapsulated in the flux-control coefficient (Box 1). With a relative density barely greater than 1, even at 100 g.L -1 wet cell concentration (so that less than 10% of the total volume is intracellular), most of the volume of a fermentor is extracellular; thus to maximise volumetric productivity it will be desirable to ensure that cells excrete the products of interest (Krämer, 1994 , Van Dyk, 2008 .
But doesn't stuff just diffuse into and out of cells unaided?
There is a surprisingly widespread view in the pharmaceutical industry, starting with the relevant textbooks (e.g. (Gabrielsson and Hjorth, 2012, Rowland and Tozer, 2011) ) and promulgated by some influential reviews (e.g. (Seeman, 1972) ), that the main means by which most xenobiotics of interest (i.e. drugs) enter (and presumably exit from) biological cells is simply by diffusing passively across the lipid bilayer portion of cell membranes down their concentration gradients and according to their lipophilicity (log P or log D -see ); the main means by which small molecules cross biological cell membranes is via genetically encoded, proteinaceous transporter molecules, and this gives the cells, and the biotechnologist, important means by which to control and influence the process. The first thing to know, then, is qualitative Knowles, 2006) : which small molecules use which transporters? While we shall mainly consider microbes and fermentations, the principles we enunciate are general, and we recognise their role in the metabolic engineering of plants (Schroeder et al., 2013) , where especially vacuolar (Martinoia et al., 2012) , peroxisomal (Linka and Theodoulou, 2013) , chloroplast (Rolland et al., 2012) and root (Zelazny and Vert, 2014) transporters can exert significant flux control. Fig 1 summarises this review in the form of a mind map (Buzan, 2002) .
Classical strategies for detecting the roles of particular cell membrane transporters
Originally, the determination of which transporters accounted for the uptake of particular nutrients (or other compounds) used classical genetic techniques, often obtaining mutants in transporter genes by selecting for resistance to cytotoxic structural analogues of those nutrients. Thus canavanine (Fig 2) is a structural analogue of arginine that can be taken up by cells, including those of baker's yeast (Lanthaler et al., 2011) and humans (Swaffar et al., 1994) , and is incorporated into proteins where it disrupts their function, thus proving cytotoxic (Grenson et al., 1966) . Such cytotoxic molecules, that bear structural similarities to intermediary metabolites, are known as antimetabolites (Rhoads, 1955) , and antimetabolite molecules such as analogues of folate, nucleobases and nucleosides (Fig 2) continue to play a major role in cancer chemotherapy (e.g. (Parker, 2009 , Tiwari, 2012 ). In yeast the overwhelming bulk of canavanine uptake, and in mutants their resistance to it, is effected by the arginine transporter Can1p encoded by the gene can1 (Whelan et al., 1979) . Strains lacking this gene function are (depending upon the precise metric) more than 100-fold more resistant to the antimetabolite than is the wild type (Lanthaler et al., 2011) , and of course the gene encoding the arginine transporter is explicitly named after (its ability to encode resistance to) this antimetabolite.
'Influx' and 'efflux' transporters
More generally, assessing the contributions of membrane proteins to the tolerance of stresses induced by fermentation or incubation conditions is also one important experimental approach to detecting 'efflux' transporters (e.g. (Kieboom et al., 1998a ) and see later), a comment that leads us to note that thermodynamic principles mean that any transporter is theoretically reversible in its direction of operation (although for kinetic reasons connected with the Haldane relationship it may not appear to be). Thus 'influx' and 'efflux' transporters refer to their normal direction of operation in vivo, and this is determined both by the thermodynamics and the mechanistic details of any energy coupling involved (Fig 3) . We might also comment that while our chief interest here is in identifying cases where transporters exert significant flux control, an increasing number of 3D protein structures for transporters are becoming available (e.g. 
Genomics approaches to transporter identification
The more modern approach to detecting transporters, especially for systems biology-based strain improvement (Fig 4) is, of course, through genome sequencing (as in baker's yeast (Goffeau et al., 1996 , Oliver et al., 1992 ), where particular sequence motifs can more or less reliably identify transporters, even if not always their substrates . The next step is to incorporate such transporters into genomescale metabolic network reconstructions (e.g. Table 1 .
'Unexpected' transporters for the uptake of uncharged (nonelectrolyte) nutrients and other small molecules Based on the pioneering studies of Overton (Overton, 1899 ) (for a more recent version see (Lieb and Stein, 1969) ), who showed a close correlation between the logarithm of the rate of cellular uptake of nonelectrolytes and their log P values, it had been widely assumed that small, uncharged molecules could permeate freely across the bilayer portion of biological membranes (even though it is well known that glucose and other sugars do not (Madhavan et al., 2012) ). However, it is now recognised that this is not at all the case, with transporters having been found (and required) for the uptake of many small, uncharged substances such as alkanes (Grant et al., 2014) (Agre, 2004) and (Benga, 2012a) ). Given the catholic nature of aquaporin channels, it is not unreasonable to propose that they will also be found to transport NO and dioxygen too, which latter would potentially be of considerable biotechnological interest.
It has long been known that acetate enters cells mainly in its uncharged form (i.e. as acetic acid). This may be determined by osmotic swelling experiments (Kell et al., 1981) , but these kinds of experiments do not say anything about the mechanism by which it enters (bilayer diffusion or transporter). However, it is now known in the important amino acid producer C. glutamicum that even the uptake of electroneutral acetic acid involves the use of a specific carrier (Jolkver et al., 2009).
Ethanol is another small nonelectrolyte of much biotechnological interest, and it is desirable to increase its export from producer cells . While we later discuss in more detail export (efflux) transporters of molecules not normally produced by the host, this section leads naturally to a discussion of those that are known to be involved in the secretion of metabolites that the host naturally produces.
Some useful case histories from classical fermentations
A notable example of the role of transporters in improving the yield of an important fermentation product (more than 2M tonnes p.a. (Sano, 2009) ) comes from the history of the glutamate fermentation carried out using various coryneform bacteria, notably Corynebacterium glutamicum (Eggeling and Sahm, 2003, Sano, 2009, Tryfona and Bustard, 2004) . Following the initial discovery of the fermentative production of glutamate (Kinoshita et al., 1957) , various empirical findings in the 1960s and 1970s (Hirasawa et al., 2012, Vertès et al., 2013) showed that a variety of treatments, involving biotin limitation, or the addition of weak surfactants such as acetylated corn oil or Tween, or the use of certain auxotrophs, would enhance the efflux of glutamate in producer strains. Soon enough, however, it was recognised that this was not due to a general membrane-leakiness, because it was very selective for glutamate (and was even against a glutamate concentration gradient), but that it was due to a change in membrane tension that activated a mechanosensitive glutamate efflux pump encoded by a gene called NCgl1221 (a homologue of the E. coli yggB gene, now known as mscS, the mechanosensitive channel of small conductance) (Hashimoto et (Bellmann et al., 2001 , Bröer and Krämer, 1991a , Bröer and Krämer, 1991b , Kelle et al., 1996 , Vrljic et al., 1996 , isoleucine (Hermann and Krämer, 1996, Xie et al., 2012) threonine (Lee et al., 2007) , methionine (Trötschel et al., 2005) and others (Van Dyk, 2008) .
Why would a cell export its metabolites?
One may wonder (from an evolutionary perspective) why bacteria see fit to excrete important nutrients or metabolites, often at fast rates. While other more specific roles may be invoked (Van Dyk et 
Biomass production
In some fermentations, of course, the biomass itself is the product, and it is of interest to know what role transporters may play in controlling growth (rate) more generally. In one study, using a pHauxostat to select strains of the (already) fast-growing yeast Kluyveromyces marxianus for even faster growth, Westerhoff and colleagues (Groeneveld et al., 2009 ) evolved one that could grow up to 30% faster than the starting strain. This increase in growth rate, with a doubling time of 52 min (apparently the fastest reported for a eukaryote) was accompanied by an increase in surface area of some 40% at essentially constant volume, implying that membrane processes (such as substrate uptake) were most limiting to growth rate. Indeed 80% of the growth rate increase was ascribed to membrane processes (Groeneveld et al., 2009 ). Continuous selection is also an excellent strategy for selecting strains resistance to toxins such as solvents (Brown and Oliver, 1982, Lane et al., 1999) , especially in turbidostats (Markx et al., 1991) in which growth rate can be measured online (Davey et al., 1996) .
In this context, is noteworthy that Pir et al. (Pir et al., 2012) , in a high-throughput screen of heterozygous deletants of diploid Saccharomyces cerevisiae, identified 145 transporter-encoding genes that exerted significant control over growth rate (so-called high-flux-control or HFC genes) in turbidostat culture. Ninety of these genes had a haploinsufficient (HI) phenotype, that is they reduced the maximum growth rate of yeast when present in only one copy in a diploid, while the remainder had a haploproficient (HP) phenotype, increasing the growth rate when in the heterozygous state. These HFC genes included those encoding plasma membrane transporters, but also genes specifying proteins involved in transporting ions and metabolites into sub-cellular organelles, especially the mitochondria and the vacuole. Amongst the HI genes were those encoding plasma membrane transporters of metals (particularly iron and zinc), organic acids (including amino acids), ammonium, phosphate, sulphate, vitamins, sugars (including glucose) and sugar alcohols, and also the aquaporin gene, AQY1. This group of HI genes also includes 4 encoding drug efflux pumps. Given the discussion of efflux transporters, above, it would seem sensible for biotechnologists and synthetic biologists to pay attention not only to transporters of important nutrients but also those responsible for the efflux of potentially toxic products of metabolism, such as ethanol and other biofuels.
Transcriptome-based strategies for determining transporter-mediated activities
Virtually since its inception (Lockhart et al., 1996) , it has been clear that genome-wide expression profiling at the level of the transcriptome provides one excellent strategy for identifying which gene products may be pertinent for particular biological processes. This applies equally to the role of transporters in biotechnology. Thus the availability of the Penicillium chrysogenum genome allowed van den Berg and colleagues (van den Berg et al., 2008) to compare the expression profiles of low-and high-producing strains, finding a considerable enhancement in transporter expression in the high-producers, again implying strongly that enhanced transporter expression could drive increased fluxes. While in general terms the expression of an individual gene does not necessarily correlate with the productivity of a fermentation, and certainly not over a wide range because of changes in the distribution of flux control (box 1), genome-wide trawls relating expression to activity can be highly beneficial, especially for metabolic networks. This is because metabolic transformations are subject to strict stoichiometric controls (no 'alchemy' is allowed).
Flux balance analysis
While the counsel of perfection in genome-scale metabolic modelling includes mechanistic details of every enzymatic step, that can then be turned into an ordinary differential equation (ODE) model that may be used to model or predict all the fluxes and concentrations of interest, we very rarely have sufficient of the kinetic parameters to do this (Almquist et 
Detecting relevant uptake transporter genes through genome-wide knockout analyses
Although individual genes were classically and typically discovered individually (see above), it is now possible to extend the analysis of transporter roles to the genomic level. The sole requirements are for a suitable variation in the extent of expression of different enzymes in different strains, most conveniently via single gene knockouts, and a means of selecting the phenotype of interest (Bochner, 2009 ) (e.g. growth selection) (Fig 6) . Thus in the case of yeast, we were able (Lanthaler et al., 2011) to exploit the barcoded yeast deletion mutant collection (Giaever et al., 2002) to identify transporters for 18 out of 26 drugs tested. Most had multiple transporters, and for the eight where we could not detect which transporters were used, it is considered likely that this is because there were simply too many and removing just one did not provide sufficient selectivity.
That study (Lanthaler et al., 2011 ) used haploid strains (see Box 1) and a purpose-designed microarray chip, but nowadays it is recognised that deep sequencing is much more effective and reliable (Smith et al., 2009 ). Thus, in an exciting development, Superti-Furga and colleagues have used a near-haploid human cell line (KBM7) with a retroviral gene trap (Bürckstümmer et al., 2013 , Carette et al., 2011 to detect that just a single transporter (called SLC35F2) is responsible for the uptake of the cytotoxic anticancer drug candidate sepantronium bromide (also known as YM155) into these cells (Winter et al., 2014) . Clearly these kinds of methods may be applied to any system for which cells that have or have not taken up a particular drug may be discriminated and separated (e.g. by cell sorting (Davey and Kell, 1996) ) and then identified genetically. It is worth stressing that this kind of experiment would not 'work', i.e. return any hits, if bilayer diffusion were the dominant mechanism of transmembrane transport. Put another way, it would indeed seem from such experiments that for drug transport into cells, phospholipid bilayer diffusion is negligible (Kell, 2015, Kell and Oliver, 2014) .
Although in theory these kinds of knockout strategies could also be used to select strains with knockouts in efflux transporters (if such exist), via their greater sensitivity to a compound, positive selections (for resistance) are always more reliable. While it has already been noted the dilution of just one of the two copies of a gene is sufficient to produce a significant reduction in growth rate (Pir et al., 2012) , it was also found that the removal of two genes, PDR10 and PDR12, encoding ABC multidrug transporters actually enhanced growth rate. Thus further investigation of the substrate preferences of these apparently promiscuous efflux pumps might pay dividends, in both biotechnology and drug design.
Genes for efflux transporters
As well as the genes for efflux transporters described above, there is of course considerable interest in the recognition that a chief cause of antibiotic resistance, a huge continuing ( 
Transporter engineering
Having established which transporters are important for the problem of interest, it is possible to improve them, typically by the methods of directed evolution (e.g. 
Concluding remarks
In this short review, we have sought to summarise some of the evidence that membrane transporters represent rather underutilised yet excellent targets for the purposes of strain improvement in biotechnology. Some of the evidence comes from more classical fermentations where such changes 'emerged' from undirected (mutation and selection) strain improvement programmes, while more recently there are examples of more deterministic strategies based on metabolic engineering. We anticipate many major improvements in the future as the powerful techniques of directed evolution are brought to bear on selected membrane transporters, especially those catalysing concentrative efflux of the desired product. Much as with pharmaceutical drug transporters (Kell and Oliver, 2014 ), what we need now are good, predictive, quantitative structure-activity relationship (QSAR) models that will help determine the activity of any transporter (sequence) for any drug. Such models will bring us truly closer to the era of 'designer transporters for biotechnology'. Figures   Fig 1. A mind map setting out the contents of this review in an easy-to-read form.
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Fig 2. Some antimetabolites that bear structural similarities to natural metabolites with which they compete for uptake transport (and intracellular activity). there is a concentration gradient of one it will drive the transport (antiport) of the other. X is transported out of the cell, potentially against its concentration gradient, by a transporter that couples its transport activity to ATP hydrolysis. Y enters and exits the cell by facilitated diffusion (it is a uniporter), while Z is taken up concentratively in symport with a sodium ion (that descends its own concentration gradient). The terms 'active' (concentrative) and 'passive' (equilibrative) are best used solely to describe the thermodynamics, with no mechanism being implied unless stated (Kell and Oliver, 2014 A modern strategy for transporter engineering in biotechnology requires first that we construct suitable metabolic networks from genomic and other data, then that we use variations in expression profiles and desirable phenotypic properties to identify qualitatively those transporters whose properties most need improving, and finally that we use the methods of intelligent directed evolution tom modify their properties and expression levels appropriately. (NB The legend to the figure to be included in Box 1 is given in Box 1.)
Tables. The thesis in this review is that where the flux-control coefficients of transporters are determined, they will often be found to be larger than those of other enzymes, providing suitable suggestions for transporter engineering.
Box 2. Flux balance analysis
Flux balance analysis describes a series of techniques for estimating relative metabolic fluxes without the requirement to know any of the kinetics of the participating enzymes. All it requires is a knowledge of the stoichiometries of the participating reactions, the molecular identities of the reactants and products themselves, and an objective function that one is trying to maximise. Linear programming techniques can then be used to optimise the latter. The stochiometries, including mass, charge and energy balances, 
Glossary
Term Meaning log D The logarithm of the Distribution Coefficient, D. D is the ratio of the sum of the concentrations of all forms of a compound (ionised plus non-ionised) in each of two phases, typically 1-octanol and an equilibrated aqueous buffer, whose pH must be specified.
log P The logarithm of the Partition Coefficient, P. P is a measure of the hydrophobicity of a molecule; log P is the logarithm (base 10) of the ratio of the concentration of a solute molecule in an organic solvent, usually 1-octanol (Young, 2014) , to that of the non-ionised form of the same molecule in water 44. Cherry, J.M., Hong, E.L., Amundsen, C., Balakrishnan, R., Binkley, G., Chan, E.T., . 
